The respective contributions of the stroke and undamaged hemispheres to motor recovery after stroke remains controversial. The aim of this article is to evaluate the relationship between location and size of cortical motor areas and outcome after stroke. Twelve controls and 12 stroke patients were studied. Hand cortical motor output areas were determined using transcranial magnetic stimulation. Motor-evoked potentials were recorded simultaneously from both hands. Functional motor abilities were evaluated using well-validated measures. Surface area, weighted surface area, and center of gravity of motor output areas were calculated. Different patterns of motor output areas to the paretic hand were observed; there was no motor output from the stroke hemisphere in patients with poor outcome, contrasting to large motor output area in the stroke hemisphere in patients with good outcome, regardless of infarct size or location. A significant correlation was found between measures of motor outcome in the stroke-affected upper extremity and both the surface area and weight of the central motor output area in the stroke hemisphere. No ipsilateral motor response was obtained after stimulation of either hemisphere. These data support an association between preservation of cortical motor output area to the paretic hand in the stroke hemisphere and good motor outcome.
N euroimaging studies in patients recovering from stroke have suggested a reorganization of bilateral motor networks including an increased activity of the undamaged (ipsilateral to the paretic limb) motor cortex. The Hammersmith hospital group 1-3 published the earliest observations using positron-emission tomography in stroke patients who had good motor recovery. In their first paper, they reported significant regional blood flow increases in both the stroke hemisphere and undamaged hemisphere primary sensorimotor cortices, insula, inferior parietal cortices, premotor cortices, and in both cerebellar hemispheres when the fingers of the recovered hand were moved. 1 They proposed a positive role of the undamaged sensorimotor cortex in recovery of motor function after stroke. The Hammersmith authors reinforced this theory in 2 later studies. 2, 3 First, they compared the patterns of activation elicited by affected hand movements in a group of stroke patients recovered from striato-capsular infarct and a group of normal subjects. Activation greater than normal was demonstrated in several areas of the undamaged ipsilateral hemisphere during movements of the paretic hand in stroke patients. 2 Later, they published a study on individual patterns of functional cortical reorganization after capsular infarction. Again, they found increased activation in the undamaged hemisphere during ipsilateral paretic hand movements. 3 Functional magnetic resonance imaging (fMRI) studies gave further support for the possible participation of the unaffected hemisphere in motor recovery after stroke. Increased activation of the sensorimotor cortex ipsilateral to the paretic hand was reported in 66% to 75% of patients during movements of the paretic hand. 4, 5 The functional significance of these patterns of activation remains controversial because none of these studies established a positive correlation between the presence or the extent of activation in the undamaged hemisphere cortex and motor recovery.
Transcranial magnetic stimulation (TMS) studies gave apparently contrasting results, supporting a predominant contribution of the stroke hemisphere to motor recovery, [6] [7] [8] [9] and suggested that the presence of ipsilateral motor-evoked responses in the paretic hand during stimulation of the undamaged hemisphere is associated with poor motor recovery. 9, 10 TMS can be used to study central motor representation changes in response to peripheral [11] [12] [13] or central nervous system lesions. 14, 15 Few studies have looked at TMS motor map changes after stroke. Traversa and others 16 studied 15 subacute stroke patients 2 months after stroke and after 8 to 10 weeks of neurorehabilitation. They reported an enlargement of the stroke hemisphere motor output area to the abductor digiti minimi after therapy. They did not provide detailed evaluation of hand motor function but did report a correlation between motor map changes and the Canadian stroke scale hand score. Byrnes and others 17 studied 20 patients with subcortical infarcts of varying duration and found a reorganization of cortical motor projection in subjects who regained a degree of motor control.
The present study aimed to evaluate the relationship between location and size of cortical motor areas and outcome after stroke. The occurrence of ipsilateral responses after stimulation of the undamaged hemisphere was carefully evaluated, and motor map location and area in both hemispheres were calculated.
MATERIALS AND METHODS

Subjects
A convenience sample of 12 stroke patients (5 men, 7 women, ages 26 to 75) was selected from patients who participated in a comprehensive inpatient rehabilitation program at Wake Forest University Baptist Medical Center. All patients had no contraindication to TMS (epilepsy, pacemaker, prior neurosurgery, or metal implant), a lateralized motor deficit at stroke onset (at least weakness against resistance or greater deficit), and a cortical and/or subcortical ischemic stroke (anterior circulation) demonstrated on head computed tomography (CT) or MRI. The average period of time between stroke onset and TMS mapping was 14 ± 9.1 months. Demographic data of stroke patients are presented in Table 1 . Twelve normal volunteers (4 men, 8 women, ages 27 to 54) were studied as controls. All stroke patients and normal subjects were right-handed and gave informed consent. The experiments were approved by the institutional review board of Wake Forest University Baptist Medical Center. Motor function was assessed using the Medical Research Council (MRC) Scale, 18 Frenchay Arm Test, 19 and Demeurisse Motricity Index. 20 The National Institutes of Health (NIH) stroke scale was used to assess general neurological status. 21 Anatomical location of infarct by CT or MRI was available in all patients.
TMS Mapping
Subjects wore a closely fitting cap marked with a 1cm interval grid used to guide coil positioning. Sites 1-cm apart were stimulated with a Magstim 200 stimulator (the Magstim company, Whitland, South West Wales) with a figure-eight coil. The coil was oriented with the handle parallel to the sagittal plane. The motor threshold (MT) was determined according to International Federation of Clinical Neurophysiology criteria with target muscles at rest. 22 Intensity of stimulation was 110% of MT, up to the maximum stimulator power (100%). Stimulation rate did not exceed 0.1 Hz. Ten stimuli were delivered at each scalp site. Patients were tested in the passive state (no pre-activation of the target muscle). Motor evoked potentials (MEPs) were recorded bilaterally using surface electrodes placed over the first dorsal interosseous (FDI) muscle. MEPs were amplified using a Grass Neurodata-10 (Astro-Med Inc., West Warwick, RI) amplifier (band pass 3O Hz-3 kHz) and recorded for offline analysis on a personal computer. Each set of MEPs obtained after stimulation at individual sites was averaged and peak-to-peak amplitude of MEP was calculated. Motor responses after supramaximal stimulation of the ulnar nerve (Mmax) were recorded. Amplitude of MEPs was expressed as a percentage of Mmax. Motor map surface area (number of squares where stimuli elicited MEPs × 1 cm 2 ) and "weight" (integrated amplitude of individual responses on each hemisphere) were calculated. The TMS map center of gravity (COG) was calculated for each hemisphere according to a method described by Wasserman and others. 23 The interhemispheric difference of COG location was defined as the absolute difference between the X and Y coordinates of the COG of the left and right hemisphere in controls, and of the stroke and undamaged hemisphere in stroke patients.
Within-group comparisons of motor map variables (surface area, weight, COG) were made using the Wilcoxon matched-pairs test. Between-group (normal versus stroke) comparisons were made using the Mann-Whitney test. Correlation between clinical and electrophysiological data was determined using the Spearman rank correlation test. Normal range was defined as mean ± 2 standard deviations.
RESULTS
All subjects tolerated the procedure well and without complication. All data refer to the hand FDI muscle tested.
Control Group
In normal subjects, the mean (± SD) COGs of both FDIs were relatively symmetrical over the head, 5.69 ± 0.87 cm lateral and 0.37± 1.15 cm frontal to the vertex for the left hemisphere, and 6.26 ± 0.69 cm lateral and 0.64 ± 1.26 cm frontal to the vertex for the right hemisphere, respectively. Since the COG coordinates were not statistically different between the hemispheres, data were pooled for comparison with stroke patients. Normal range (mean ± 2 standard deviations) for COG coordinates was 4.27 to 7.69 cm lateral to the vertex (sagittal plane) and -1.97 to 2.98 cm anterior to the vertex (coronal plane). All control subjects fell within the limits of the normal range of the COG (Figure 1 ). The mean COG interhemispheric difference was 0.77 ± 0.44 cm in the coronal plane and 0.62 ± 0.52 cm in the sagittal plane. Because the motor map surface area (P = 0.20) and weight (P = 0.58) were not statistically different between both hands, these data were pooled for comparison with stroke patients. The surface area of the right-hand motor map was larger than the left-hand motor map in 7 subjects and smaller in 5. The mean ratio between the largest and smallest map surface area was 1.51 ± 0.34. The mean ratio between the largest and smallest map weight was 1.48 ± 0.49. The pooled average motor map surface area was 13.88 ± 5.5 cm 2 . The pooled average motor map weight was 71.10 ± 45.17% of Mmax. No ipsilateral response to TMS was observed after stimulation of either hemisphere in controls. An example of a TMS motor map in a normal subject is shown in Figure 2 . In patients with good outcome, the infarct was subcortical in 5 cases and cortical/subcortical in 3 cases. In patients with poor outcome, the infarct was cortical/subcortical in both cases, whereas in patients with intermediate outcome, 1 infarct was cortical/subcortical and the other subcortical.
No ipsilateral response after stimulation of either hemisphere was observed. Various patterns of MEP maps in the stroke hemisphere of patients were observed. Because of the small number of patients in categories (b) and (c), these categories were grouped for analysis. In patients with good outcome, paretic and unaffected FDI motor map surface areas were not significantly different from normal. Similarly, paretic and unaffected FDI motor map weights were not different from normal.
In the combined categories of patients with poor and intermediate outcome, paretic hand motor map surface areas were significantly smaller than normal (P = 0.01), whereas unaffected hand motor map surface areas were not different from normal. Paretic FDI motor map weight was significantly smaller than normal in patients with poor or intermediate outcome (P = 0.003).
Across all patients, paretic hand motor map surface area and unaffected hand motor map surface area mean ratio was 1.1 ± 0.9. Paretic hand motor map surface area and unaffected hand motor map Figure 1 . Location of the center of gravity (COG) of transcranial magnetic stimulation (TMS) maps in stroke patients. The vertex is located at the center (CZ) of the topographic map. Distance (in cm) from the inionischion line in the coronal plane is represented on the X axis, and distance from the bi-auricular line in the sagittal plane is represented on the Y axis. R marks the right side of the head. The COGs of motor output maps to the paretic hand in the stroke hemisphere are identified by black diamonds, and COGs of motor output maps to the unaffected hand in the unaffected hemisphere are identified by white squares. The limits of normal range (established in normal subjects) are represented by circles located on each hemisphere. Subjects are identified by numbers corresponding to the subject list in Table 1 . The interhemispheric difference of location of the COG is beyond normal range in patients #1 and #3. Both COGs are anterior to the normal range in patient #1 and posterior to the normal range in patient #7. The COG of the paretic hand is located anterior to the normal range in patients #2 and #12. The COG of the unaffected hand is located anterior to the normal range in patient #3.
Figure 2.
Example of a transcranial magnetic stimulation (TMS) motor map in a normal subject. The vertex is located at the center (CZ) of the topographic map, and the right hemisphere is on the left. Motor-evoked potential amplitudes are expressed as a percentage of supramaximal stimulation of the ulnar nerve. Grid locations are based on the distance (cm) from the vertex, expressed in numbers in the sagittal plane (10 to -10) and letters in the coronal plane (A to J).
weight mean ratio was 1.7 ± 2.1 ( Table 1) . A statistically significant correlation was found between the motor map surface area ratio and the affected hand (r = 0.65, P = 0.022) and arm (r = 0.87, P = 0.0003) motricity index (Figure 3) . Similarly, a statistically significant correlation was observed between motor map weight ratio and the affected hand (r = 0.64, P < 0.025) and arm (r = 0.60, P < 0.04) motricity index (Figure 4 ). An example of TMS motor map in a patient with good recovery is shown in Figure 5 . No correlation was found between map weight or surface ratio, and the MRC scale, NIH stroke score, or leg motricity index.
The correlation between motor map COG locations in both hands is represented in Figure 1 . The interhemispheric difference of location of the COG (see Methods section for definition) was beyond normal range in 2 stroke patients (#1 and #3). In these 2 patients, the paretic hand motor map COG was respectively more medial (4.06 cm lateral to the vertex, 3.25 cm anterior to the vertex) and more lateral (6.5 cm lateral to the vertex, 2.98 cm anterior to the vertex) than the unaffected hand motor map COG (Figure 1 ). Two patients had both COGs beyond normal range, in the antero-posterior direction with a location more anterior in patient #1, and more posterior in patient #7 (Figure 1 ). Two patients (#2 and 12) had the paretic hand COG located anterior to the normal range, and 1 patient (#3) had the unaffected hand COG located anterior to the normal range ( Figure 1 ).
DISCUSSION
Despite multiple studies using a variety of techniques to assess the mechanisms of motor recovery after stroke, the respective contribution of the stroke and undamaged hemisphere remains controversial. Although neuroimaging studies suggest a positive contribution of the undamaged hemisphere to motor recovery, 1-3 our results support a positive correlation between motor outcome of the paretic upper extremity and the surface area and weight of motor output maps in the stroke hemisphere. In contrast to some earlier studies, which considered mostly patients with good or complete recovery, we investigated patients with a wide range of motor outcomes.
Although different patterns of paretic hand motor maps were observed, the relative size of the surface motor maps and motor map weights obtained from the stroke-affected hemisphere is clearly associated with Arm Motricity Index (Figures 3 and 4 ) throughout the entire range of the scale. In patients with worse outcomes, either no map was present or the map was smaller than the map recorded from the unaffected hemisphere. On the other hand, patients with better outcomes had a normal-sized or an enlarged stroke hemisphere map compared to the unaffected hemisphere ( Figure 5 ). This is in agreement with the observation of Traversa and others, 16 who found enlargement of the hand area correlated with improvement in hand motor scores. In several patients with good outcome in our study, TMS motor maps of the paretic hand were larger than maps of the normal hand. Because of the relatively large variability (1.07 to 2.1) of the ratio of the surface area of motor maps in normal subjects, only 1 stroke patient (#3) exceeded the normal range.
The preservation or enlargement of motor maps can be explained by several (possibly complementary) mechanisms. Studies in normal subjects have demonstrated an enlargement of TMS motor maps after the learning of a new skilled motor task. 24 All patients in this study had previously received comprehensive inpatient, followed by outpatient, neurorehabilitation. Therefore, the preservation or enlargement of TMS maps in stroke patients with good outcome may be a reflection of motor training, as suggested by Traversa and others. 16 Increased cortical excitability in the primary motor cortex could also be responsible for the preservation or enlargement of TMS motor output maps. Figure- of-eight magnetic stimulation coils induce a large central peak of stimulation and a smaller peak of stimulation on either side. This lateral peak can be responsible for a stimulus spread in addition to the maximal discharge located directly under the coil center. 25 If the excitability threshold of corticospinal cells decreases, some stimuli propagated through corticocortical connections from areas adjacent to the primary motor cortex, normally too weak to affect motor neuron depolarization, may lead to sufficient depolarization to elicit MEPs. Magnetic stimulation intensity and target muscle activity during stimulation could also explain the asymmetry or apparent expansion of motor maps in some previous TMS studies. Higher intensity stimulations yield MEPs of higher amplitude, up to a certain limit, and excite more positions on the scalp. 26 Therefore, it is important to normalize the intensity of stimulation to the excitability of the brain. In our study, the MT was higher in the stroke hemisphere than the undamaged hemisphere in 7 stroke patients. These patients received (normalized) higher intensity stimulation on the affected cortex. However, 6 out of 12 stroke patients had a stroke hemisphere MT within 5% of the undamaged hemisphere MT, so that asymmetric stimulation intensities cannot explain motor map asymmetry in most patients.
The MT is felt to represent a measure of membrane excitability in pyramidal neurons. 27 Even though lower stroke hemisphere MT has been associated with a better motor outcome after stroke, MT was lower in the stroke hemisphere than in the undamaged hemisphere in only 1 patient, so that a change in pyramidal neuron membrane excitability is unlikely to be solely responsible for TMS motor map enlargement.
We did not observe a systematic displacement of the paretic hand motor map COG (Figure 1 ). Only 2 stroke patients (#1 and #3) showed a marked asymmetry of motor map COG locations. In several patients (#1, 2, 7, 12) , the COG of the paretic hand and/or of the unaffected hand (#1, 3, 7) was located beyond the normal range. In patient #7, a posterior displacement of the paretic hand COG was mirrored in the unaffected hand. The origin of these displacements remains speculative. In this small series, shifts in COG did not correlate with clinical outcomes.
In the stroke hemisphere, the asymmetry or displacement of the COG of the motor map could reflect the recruitment of adjacent cortex as an adaptation to the infarct. A possible mechanism is the unmasking of (normally inhibited) parallel corticospinal pathways originating from areas adjacent to the primary motor cortex. Primate studies support the existence of these parallel pathways. 28 The preservation or expansion of motor maps observed after motor training in stroke patients might be also mediated by the unmasking of parallel networks. Serial studies from the acute stage after stroke to the full recovery phase will be necessary to distinguish between training effects versus "spontaneous" reorganization after stroke.
In our study, the absence of ipsilateral responses after stimulation of the undamaged hemisphere contrasts to some earlier reports. In the studies of Turton and others 9 and Netz and others, 10 TMS responses in hand muscles after undamaged (ipsilateral) hemisphere stimulation were observed in 38% and 100% of patients, respectively, with poor or incomplete recovery, and in 0% and 20% of patients with good recovery. Both studies used a facilitation of the response to TMS by contraction of the target muscle. 29 With target muscle preactivation, ipsilateral responses can be reliably recorded in normal subjects, but mostly in finger extensors, wrist extensors, and biceps, and not in finger and wrist flexors 29 or intrinsic hand muscles, such as the FDI, which are targeted in the present study. Ipsilateral MEPS also require magnetic stimulation intensity 1.8 times higher than for eliciting contralateral MEPs. Ipsilateral MEPS have a long latency and very small amplitude, and their physiological significance for motor control remains questionable. As we used no target muscle facilitation and stimulated at 110% of MT, our mapping technique could have missed some ipsilateral responses. However, in another TMS mapping study in stroke patients, Byrnes and others 17 did not observe any ipsilateral response after stimulation at 100% of stimulator output.
Although our study suggests a correlation between motor recovery of the paretic upper extremity and preservation of cortical motor output from the stroke-affected hemisphere, this does not rule out the possibility that the unaffected hemisphere could also be involved in recovery. Some of the apparent disparities between TMS and functional neuroimaging studies can be attributed to differences in the techniques. Although TMS results indirectly in depolarization of pyramidal neurons associated with motor output, most functional neuroimaging studies have evaluated local changes in blood volume associated with performance of motor tasks. Time after stroke may also explain the differences between our observations and earlier studies concerning the role of the unaffected hemisphere in recovery. Indeed, Marshall and others 30 observed an evolution of fMRI activation of the sensory motor cortex over time, suggesting that a dynamic bihemisphere reorganization of motor networks occurs during recovery from hemiparesis. It is quite possible that the unaffected hemisphere may play an important role in the early recovery phase through one of several possible mechanisms, perhaps even by facilitating plastic changes in the stroke-affected hemisphere.
CONCLUSION
This article suggests that motor recovery after stroke depends on the preservation of a central motor representation of the paretic hand in the stroke hemisphere. Our observations failed to find an electrophysiological correlate to the increased neuronal activity observed in the (ipsilateral) undamaged hemisphere with functional neuroimaging. [1] [2] [3] [4] [5] al imaging modalities will be critical to achieving a better understanding of the mechanisms of motor recovery after stroke.
